VOLUME 57, NUMBER 3

PHYSICAL REVIEW LETTERS

21 JuLy 1986

Can the Data from the CERN pp Collider Limit Gaugino Masses?

Howard Baer,'! Kaoru Hagiwara,?

and Xerxes Tata®)-(2)

U High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439
) Theory Group, DESY, Hamburg, West Germany
O Institute of Theoretical Science, University of Oregon, Eugene, Oregon 97403
(Received 31 January 1986; revised manuscript received 14 April 1986)

We show that the hadronic decays of the W gaugino ( W) and Z gaugino (Z) produced via each
of the processes W — Wy, W— WZ, and Z°— WW lead to a substantial rate for monojet and

dijet+missing pr at the CERN collider.

If the latter two decays are kinematically allowed, one

should expect a comparable number of spectacular dilepton and trilepton events with little hadronic
activity. In addition, there would also be jet+lepton+missing-pr signals. Absence of such signals
could lead to the most stringent direct experimental limits on Wand Z masses currently possible.

PACS numbers: 14.80.Ly, 13.85.Rm

There are several well-known theoretical reasons for
considering supersymmetry (SUSY)! to be a symmetry
of nature, although there is no experimental evidence
for the existence of SUSY particles. Electron-positron
collider experiments set (direct and indirect) limits on
the masses of SUSY particles.? Since these are pro-
duced in pairs, direct limits of SUSY-particle masses
are typically equal to the beam energy (<23 GeV).
An exception to this is the limit on the Z-gaugmo
mass obtained by a study of the reaction ete™ — Z%.
In addition, there are indirect limits such as the limit
on the scalar-electron mass (=50 GeV for m, =0)
obtained by Bartha er al* Also, a conclusive absence
of a sufficient number of missing-pr (p7) events at
the CERN collider can be translated® into low-
er bounds of m; > 65-75 GeV (m; > 60-70 GeV) de-
pending on my (m;).

At this pomt 1t 1s worth noting that in SUSY models
with ms, << my,% there are gaugino eigenstates W and
Z that have the same quantum numbers as the W and
Z bosons, but are lighter than the corresponding gauge
bosons.” It has already been noted by several authors®
that it may be possible to produce these states via the
decay of the gauge boson~s at ~the CERN colljd_e_r, ie.,
via the processes W — W%, WZ and Z— WW. The
gauginos subsequently decay _via_ the processes
W— vy or w— qu, and Z— Iy or Z— qqy.
This leads to characteristic n-jet+ m-lepton + gr signa-
tures. In this Letter, we study these signals for the
case of heavy ( ~ 100 GeV) scalar quarks® and scalar
leptons, and examine if gauginos produced by the de-
cay of W* and Z° would indeed be seen at CERN.
The case for my > m; has been considered by Baer
and Tata.?

The gaugino-Higgs-fermion mixing angles that
determine the eigenstates W and Z depend on three
parameters: (i) the Higgs-fermion mixing mass term
2mihyhy, (ii) the ratio v,/v, of the vacuum-
expectation values of the Higgs fields, and (iii) the

soft-SUSY-breaking SU(2) gaugino mass w,. The two
parameters m; and u; can be eliminated in favor of the
masses of W and ¥, respectively. For definiteness, we
have chosen v;/v,=1, as required by supergravity
models in which the SU(2) ® U(1) breaking is
driven!? by a top quark of mass ~ 40-50 GeV.!! We
have diagonalized the charged sector exactly, whereas
the neutral sector has been diagonalized in the approx-
imation p, << My (our analysis is thus restricted to

- <10 GeV). We may choose my and m;, as free
parameters in terms of which m3 and the couplings are
determined.!?

For my < My and for m; = m; > 100 GeV, the w
branching ratio into each famlly of leptons is 11% for
m. =01 and is unaltered by the additional mixing in-
duced by a nonzero photino mass of up to 10 GeV.
The Z branching fraction into leptons (13% for
m, =0), however, is quite sensitive to ms, particularly
for smaller values of m;. For example, for m; =38
GeV, it varies from 18% for m; =26 GeV to 14% for
m3 =352 GeV, independently of the scalar mass.

As we have already mentioned, the characteristic
signature of gaugino production is n-jet+ m-lepton (e
or u)+pr events (n,m=0,1,2,3). We emphasize
that the monojet and dijet events must be accompanied
by jet(s) +lepton(s) +pr events and by multilepton+pr
events with little hadronic activity. Moreover, these mul-
tilepton events would be essentially free from back-
ground.® Monojet production from gauginos has also
been considered by Chamseddine, Nath, and Ar-
nowitt.!

The calculation of the squared matrix elements is
quite intractable with usual trace techniques. If we in-
clude off-mass-shell W and Z effects, there are three
production amplitudes for Wy, WW, and WZ for each
initial state and three (fo_ur) amplitudes for the ha-
dronic decay of the W (Z). Even when we assume
pole dominance for gg — WZ, there are twelve ampli-
tudes for each hadronic final state, and hence 78 often
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lengthy traces need to be evaluated. The calculation is
made manageable by the direct computation of the
helicity amplitudes. We have used the formalism of
Hagiwara and Zeppenfeld.!’

In our computation, we impose the following cuts,

inspired by the experiment of Arnison et al. (UAl
Collaboration):

|Pr.| =10 GeV, In,|<3.0, (1a)

|Pr,|=3GeV, [n,/=<20, (1b)

|Prj | =25 GeV, |[Pr;l=12GeV, o

c

lnj!SZ.S.

Two partons are coalesced if they satisfy the condition
Ar=(An*+A¢?)Y2< 1. We assume that a muon
within the acceptance (1b) will be identified even if it
is inside a jet; for electrons in events containing jet ac-
tivity we have imposed a more stringent pr cut, i.e.,
|Pr,| > 15 GeV. Furthermore, for electrons within
Ar =1 of any parton, we impose an additional cut

IPTe|Z4lPTpar[onI~ (ld)

Whenever an electron fails to satisfy the above re-
quirements, we assume that it cannot be distinguished
from a hadron, and hence treat it as part of a jet. Fi-
nally, for events containing any jet activity, we require
a trigger

pr > Max(15 GeV, 40),

1/2

o=1(0.7 GeVY?) . (le)

S Er+Ef

partons

where E3 accounts for soft hadronic debris in large-py
events, and is distributed according to 4E;/{Er)?
xexp(—2Er/{Er)) with (Er) =45 GeV.!* We em-
ploy the parton distributions of Duke and Owens!’ (set
1) and a QCD-motivated K factor of 1.4 for Wand Z
production, and incorporate smearing due to Wand Z
transverse motion and experimental resolutions as in
Baer.!®

The monojet and dijet cross sections as functions of
gaugino mass are shown in Fig. 1 for the case where
both the gauginos decay hadronically. We have nomi-
nally chosen mg = 8 GeV for illustrative purposes.
The following features are worth noting. (i) The
monojet cross section exceeds 10 pb for my <55
GeV. Of course, standard-model backgrounds have to
be considered before any conclusions can be drawn.!®
(i) The monojet-to-dijet ratio varies from ~ 10 for
light gauginos to ~2 for my =75 GeV. (iii) The
kinks in the curves at my =40 GeV and my = 50 GeV
respectively mark the W — WZ and Z — WW thresh-
olds. Beyond my =50 GeV almost all the signal is
from W— W?y. (iv) For dijets, the turnover occurs
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FIG. 1. Expectations for monojet and dijet+ g7 events
from W3, WW, and WZ production in pp collisions at
Vs =630 GeV when both gauginos decay hadronically, for
mg= ;=200 GeV.

for small my, (and m3) because the quark jets are not
hard enough or well enough separated from each other
to be identified as two jets. The sudden flattening of
the dijet curve beyond my =50 GeV occurs because
almost all the cross section comes from W — Wy. As
the W gets heavier, the probability that the event gives
a dijet signal grows, which compensates for the de-
crease of the production cross section.

We now turn to the multilepton signals resulting
from the le~p£onic decay of both the gauginos produced
via W— WZand Z°— WW. These events have little
associated hadronic activity—only that from higher-
order QCD corrections to W and Z° production.
Furthermore, standard-model backgrounds to these
multilepton events are small.’ The trileptons, the
like-sign dileptons, and ‘‘eun’’ pairs would obviously
stand out. Also, the ete™ and u* ™~ pairs would be
acollinear. We have, therefore, imposed no extra
trigger requirement on these signals, which are shown
in Fig. 2.

A priori, we may have expected these signals to be
small due to suppression by the product of the leptonic
branching fractions. However, almost all muons and a
substantial fraction of electrons satisfy the acceptance
cuts, whereas the pr trigger requirement and jet cuts
eliminate a large fraction of the nonleptonic signals
shown in Fig. 1. In fact, for small enough W masses,
the multilepton signal exceeds the jet signal! The fol-
lowing features of Fig. 2 are worth noting. (i) The or-
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FIG. 2. Multilepton cross sections from WW and WZ
production, when both gauginos decay leptonically. (a)
Trilepton signals and (b) dilepton signals, including both
opposite-sign (OS, solid curves) and same-sign (SS, dashed
curves) pairs, are given.

dering of the trilepton events is easily understood from
the difference in the pr cut on electrons and muons.
(ii) The trilepton cross section drops off monotonically
with increasing gaugino mass. This is quite different
from the m; < my case (Ref. 9), where the trilepton
sngnal decreases for smaller m; because the decays
Z— 17 typically lead to one very soft lepton which
fails to pass the cuts. In the present case, both leptons
are hard. (iii) The trielectron cross section is almost
flat up to the phase-space boundary. The fact that the
electrons tend to be harder for larger gaugino mass
(and hence more likely to pass the cut) compensates
for the reduction in the uncut cross section. The
trimuon signals follow the trend of the uncut cross
sections since most of the muons pass the cut. (iv)
There is an observable level of same-sign (SS) dilep-
ton signals coming from the case where one of the lep-
tons is missed in a trilepton event. The largest of
these sxgnals is for the u~ e~ +u*e* coming from
Z—ete Y, W — uvy, because one of the electrons
can easily escape the acceptance. Compared to the
m; < my,ms case, % many more u "~ pairs pass the
cuts. (v) Opposite-sign (OS) ew pairs from WZ pro-
duction number the same as SS eu pairs. W-pair pro-
duction, however, contributes to the OS signal; its
contribution is between a quarter and a third of the to-
tal signal until the threshold for the W— WZ is ap-
proached when W-pair production~d9minatg,s.? (vi) OS
ee and uu pairs come from both WZ and WW produc-
tion. Again, the kink marks the WZ threshold. Stand-
ard model backgrounds to these have been analyzed in
Ref. 17.

Finally, we consider the case where one of the gau-
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ginos decays leptonically, and the other hadronically.
This leads to the n-jet+ m-lepton+ pr signals men-
tioned earlier. We impose the g7 trigger (1e) for these
signals. Shown in Fig. 3 are the rates for these topolo-
gies where the cross section, after acceptance cuts,
exceeds 0.5 pb. We make the following remarks. (i)
The WW and WZ reactions both give substantial and
almost equal contribution to the monojet rate. There
is also a small contribution to the dijet cross section.
(ii) For the mixed topology, the largest signal is u + 1
jet+ pr. _Most of these events come from the u decay
of the W, since the muonic decay of the Z produces
two muons. The reaction Z°— WW gives more than
half this signal even below the W — WZ threshold.
The 2u+1 jet+ pr_ sngnal may be observable and
results from Z — pupy and W — jets from the WZ
reaction.  (iii) Fmally, the WZ reaction also gives
dimuons from Z — ppy and W — hadrons when the
hadronic system fails to satisfy the criterion (1c) or
(le). We have Kkept these dimuon events separate
from Fig. 2 because in this case we expect substantial
hadronic activity accompanying the dimuons. The
dielectron events from this source occur at a negligible
rate.
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FIG. 3. Largest n-jet+ m-lepton+ gy signals from 4%
and WZ production, where one gaugino decays hadronically
and one leptonically. Other signals are also present, but at
much smaller levels.
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In summary, we have examined the various sig-
nals expected from the decays of the gauginos pro-
duced via W— Wy, W— WZ, and Z°— WW at the
CERN pp collider. We have shown that the hadronic
decays of the gauginos lead to a substantial rate of
monojet and dijet events at the CERN collider. We
have emphasized that if the latter two decays of the W
and Z° are kinematically allowed, these monojet (di-
jet) events must be accompanied by a variety of spec-
tacular dilepton and trilepton signals that are essential-
ly free from standard-model background. A handful
of these events may already be expected in the accu-
mulated CERN data. In addition, there is an observ-
able rate for u +jet+ pr events. Absence of such sig-
nals may make it possible for the UA1 and UA2 Colla-
borations to conclude already at least that the decay
W— WZ is kinematically suppressed, corresponding
to My, > 36— 38 GeV and M; > 42-44 GeV depend-
ing on variations in M_; =(0-10 GeV. This would cor-
respond to about 35 pb of jet+ g7 events, and 25-30
pb of multilepton events, which even after efficiency
corrections should leave an observable signal. Details
of the relevant distributions and expectations for the
Fermilab Tevatron Collider will be discussed in a
forthcoming paper.!2
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